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INTRODUCTION 2
Chlamydia trachomatis, an obligate intracellular bacterium, is the etiologic agent of 3 trachoma, the world's leading cause of preventable blindness. While most trachoma studies have 4 addressed the mechanisms of disease during chronic scarring stages, there has been less research 5 on inclusion conjunctivitis, the initial disease associated with a primary ocular infection. The 6 study of inclusion conjunctivitis is important because events in the initial stages of infection may 7
have an impact on the chronic pathologic response and the development of protective immunity. 8
The first response to a primary chlamydial infection, acute inflammation, has been studied 9 extensively in genital and respiratory chlamydial infections, but there is little information on this 10 response in chlamydial conjunctival infections. 11
It is difficult to study inclusion conjunctivitis in humans and in non-human primates, the 12 latter because of issues of expense. However, an outstanding model for chlamydial inclusion 13 conjunctivitis is available using the guinea pig infected with C. caviae, also known as the agent 14 of guinea pig inclusion conjunctivitis. C. caviae was first isolated from the conjunctiva of 15 laboratory guinea pigs by Murray (29) and was initially used as a model for chlamydial ocular 16 to obtain serum. Because immune responses can vary between animals, the antisera from the two 1 rabbits were treated as separate reagents without pooling. 2
Before processing and characterization, antisera were heat inactivated at 56 o C for 45 3 minutes to destroy complement. To eliminate antibodies specific for guinea pig MHC I 4 molecules, antisera were adsorbed at least 5 times with a 20% solution of fresh, saline-washed 5 guinea pig red blood cells (RBC) isolated from peripheral blood by standard techniques (11,37). 6
After each adsorption procedure, antisera were filtered with sterile, low protein-binding, 7
Durapore (PVDF) 0.45 mm filters (Millipore, Billerica, MA). Elimination of MHC I antibodies 8 was monitored with a guinea pig RBC agglutination assay as previously described (37). To 9 eliminate antibodies to guinea pig lymphocytes, monocytes and platelets, the antisera were 10 adsorbed 3 times with fresh, saline-washed lymphocytes, monocytes and platelets isolated from 11 guinea pig blood by standard techniques (11). To monitor removal of anti-lymphocyte and anti-12 monocyte antibodies, indirect immunofluorescent staining of guinea pig blood mononuclear cells 13 was employed using antisera as the primary antibody. Pre-immune sera served as negative 14 isotype controls, and the secondary antibody was a FITC-conjugated goat anti-rabbit antibody 15
IgM & IgG (H + L chain specific) (Southern Biotech, Birmingham, AL). 16
Elimination of platelet antibodies was confirmed during in vivo testing of antisera for the 17 ability to deplete neutrophils. Briefly, normal, non-infected guinea pigs were administered either 18 adsorption procedures was confirmed by performing platelet estimates on the blood smears 1 according to standard procedures (35). 2 C. caviae infection of guinea pigs. C. caviae has been continually passaged in this 3 laboratory for 36 years, first in yolk sac and then in tissue culture. McCoy cell-grown C. caviae 4 was utilized. Chlamydiae were passaged, prepared for infection, and quantified by standard 5 methodology (39). Guinea pigs were anesthetized with sodium pentobarbital (Nembutal; 32 6 mg/kg body weight) and infected in the conjunctivae of both eyes by instilling 20 µl of SPG 7 containing 10 4 IFU of C. caviae directly into the conjunctival sac. This dose ensures 100% 8 infection and produces a strong pathological response that is easily quantified by gross 9
observation. 10
Neutrophil depletion in guinea pigs during C. caviae ocular infection. To deplete 11 neutrophils in guinea pigs during C. caviae ocular infection, 1 mL of sterile filtered, neutrophil 12 antiserum was administered intraperitoneally every 24 hrs beginning the day before infection 13 (Day -1) and continued until termination of experiments on Day 7 post infection. Control 14 animals (NRS-controls) were administered 1 mL of sterile filtered, heat inactivated normal rabbit 15 serum (Pel-Freez Biologicals, Rogers, AR). No animals exhibited signs of serum sickness prior 16 to euthanasia on day 7 post infection. To confirm that the neutrophil antisera was effective in 17 depleting neutrophils in vivo, absolute neutrophil counts of the peripheral blood and 18 myeloperoxidase immunohistochemistry staining of conjunctival sections were performed. 19
Peripheral blood was collected from the lateral saphenous vein in the back feet of guinea pigs 20 while under ketamine anesthesia (22). To confirm the ability of the antisera to diminish 21 neutrophil recruitment into chlamydial infected tissue; immunohistochemistry staining for 22 myeloperoxidase, a neutrophil-specific enzyme, was performed on 5 µm paraffin-embedded 23 on September 23, 2017 by guest http://iai.asm.org/ Downloaded from conjunctivae sections. A rabbit polyclonal antibody to myeloperoxidase (Cat#RB-373; Thermo 1 Scientific, Fremont, CA) diluted 1:100 and the Ultra Vision Detection System, Anti-Polyvalent, 2 HRP/AEC Kit (Thermo Scientific) was used according to manufacturer's instructions. 3
Infection course. The course of infection was followed by measuring conjunctival IFU. 4
Conjunctival material for the isolation and quantification of chlamydiae was collected from 5 guinea pigs as previously described while under ketamine anesthesia (20 mg/kg) (6). Briefly, 6
conjunctivae were swabbed using a Dacron swab which was placed in 2-sucrose-phosphate 7 transport medium and frozen at -70 o C until needed. Swabs were processed for isolation and 8 determination of number of IFU by standard techniques (36). To assure conjunctivae swabbing 9 did not affect gross ocular pathology scoring, conjunctival swabs were collected from the left 10 eyes only, while pathology scoring was performed only on the right eye. 11
Pathology scoring. Scoring of clinical ocular pathology was assessed visually on a daily 12 basis and scored on a 0-to-4+ scale for evaluation of erythema, edema, and exudation as 13 previously described (39). In order to maintain consistency and subjectivity, one investigator 14 scored the pathology, blinded to the experimental group. To score for conjunctival 15 histopathology, conjunctivae were excised immediately after euthanasia and fixed in 10% neutral 16 buffered formalin. Tissues were embedded in paraffin, sectioned at 5 µm, and stained with20°C until further processing. To obtain serum, peripheral blood was obtained from the lateral 1 saphenous veins while the guinea pigs were under anesthesia. Serum samples were collected on 2 days 0, 3, and 6 post infection, and tears were collected on days 0, 4, and 6 post infection. 3
An ELISA using Renografin-purified elementary bodies as the antigen, as previously 4 described (38), was utilized to measure C. caviae-specific IgA and IgG antibodies in serum and 5 C. caviae-specific IgA in tears. The antibodies for IgA detection by indirect ELISA were rabbit 6 anti-guinea pig alpha chain (primary antibody) at 1:500 dilution, followed by horse radish 7 peroxidase-labeled goat anti-rabbit IgG (H+L chain specific) (secondary antibody) at 1:1500 8 dilution. The antibody for IgG detection in a direct ELISA was a horse radish peroxidase-labeled 9 rabbit anti-guinea pig IgG (H+L chain specific) at a 1:6000 dilution. All antibodies were 10 purchased from MP Biomedicals, Irvine CA. 11 
RESULTS 10
Anti-neutrophil antiserum effectively depletes neutrophils in guinea pigs. To confirm 11 that anti-neutrophil antiserum was effective in depleting peripheral blood neutrophils during the 12 C. caviae ocular infection, blood neutrophil counts were performed on guinea pigs treated with 13 antiserum and on control guinea pigs treated with NRS (Fig.1A) . Baseline neutrophil counts 14 were performed the day before infection (day-1), immediately before the first injections of 15 antiserum or NRS. On day 0, all guinea pigs were infected in the conjunctival sac of both eyes 16 with10 4 IFU C. caviae. As shown in Figure 1A , by 24 hours after the first antiserum treatment 17 (day 0) and at every point thereafter, guinea pigs had significantly reduced neutrophils (p<0.001) 18 compared to control guinea pigs treated with NRS. 19
To verify that depletion of peripheral blood neutrophils reflected neutrophil depletion at the 20 infection site, histological sections of conjunctivae from day 4 post infection were 21 immunohistochemically stained for myeloperoxidase, a specific marker for neutrophils (Fig. 1B) . 22
In NRS-control animals, a heavy infiltration of neutrophils (red stained cells) into infected 23 conjunctival mucosal epithelium was evident (Fig. 1B) . Also present in NRS-control tissues was 1 a diffuse, red background stain due to the presence of myeloperoxidase released from activated 2 neutrophils. In contrast, very few myeloperoxidase positive neutrophils and no diffuse, red stain 3 were present in the infected conjunctivae of the neutrophil-depleted group (Fig. 1B) . These 4 results correlate with the absolute neutrophil counts shown in Figure 1A and demonstrate that 5 anti-neutrophil antiserum treatment was effective in depleting neutrophils from peripheral blood 6 and chlamydia-infected conjunctivae. 7
Early C. caviae infection course was not affected by neutrophil depletion. Neutrophils 8 are well-characterized phagocytic cells that engulf, kill and clear bacteria (1) . To investigate the 9 role of neutrophils in chlamydial clearance during ocular infections, IFU from conjunctival 10 tissues were quantified on days 3 and 6 post infection (Fig. 2) . Neutrophil depletion did not 11 significantly affect numbers of IFU on days 3 or 6 post infection (p=0.131 and p=0.089, 12 respectively, as determined by an unpaired t test). In normal conjunctival infections with 10 4 IFU 13 of C. caviae, one normally finds a peak response between day 4 to day 6 following infection and 14 the infection resolves by days 15-18 (48). 15
Neutrophil depletion significantly reduced ocular pathology during C. caviae infection. 16
In order to follow the ocular infection clinically, pathological changes in the right eye of each 17 guinea pig were visually assessed and scored once a day (Fig. 3A) . Beginning on day 4 post 18 infection and continuing until day 7 (day of euthanasia), guinea pigs in the neutrophil depleted 19 group had significantly less ocular pathology (p<0.001) than NRS-control group. In both groups 20 pathological changes first became evident on day 3, peaked on days 4-5 and were in decline by 21 day 6 post infection. The ocular pathology in the neutrophil depleted group showed the same 22 pattern of change as the NRS-control, but was consistently and significantly less. 23
To determine if microscopic histopathology of the conjunctivae correlated with the gross 1 ocular pathology, H&E stained conjunctival sections from both groups taken on days 4 and 7 2 post infection were scored by a veterinary pathologist for conjunctival mucosal epithelium 3 damage (Fig. 3B) . There was significantly less mucosal epithelium erosion in the neutrophil 4 depleted group (p<0.05). Interestingly, the ocular pathology scoring (Fig. 3A) and 5 histopathology scores (Fig. 3B) , both based on independent 0-4 scale, were very comparable on 6 days 4 and 7 post infection, lending support to their validity. Visual representation of the 7 difference in histopathology between the two groups is shown in Figure 3C . H&E sections from 8 NRS-control animals showed severely damage mucosal epithelium with original structure barely 9 discernible. In contrast, sections from neutrophil depleted animals show a slightly damaged 10 mucosal epithelium with the barrier structure basically intact (note yellow bracket). Taken  11 together, these data support a role for neutrophils in promoting conjunctival tissue damage 12 during primary C. caviae ocular infections. 13 Considering the reduced T cell recruitment with neutrophil depletion, we wanted to determine if 4 neutrophils also affect humoral immunity. Therefore, C. caviae-specific IgA and IgG were 5 measured in tears and serum. IgG was measured only in serum due to insufficient volume of tear 6 samples. In tears (Fig 5A) , there was a low baseline titer of IgA in uninfected animals (day 0) 7 capable of binding C. caviae EBs. On days 3 and 6 post infection, C. caviae-specific IgA titers in 8 both groups were significantly higher than baseline (p<0.05), but neutrophil depleted guinea pigs 9 had significantly higher IgA titers than control animals on (p<0.01) on both days. 10
The same pattern for IgA titers was found in serum (Fig. 5B) . C. caviae-specific IgA titers in 11 serum on day 6 were higher than baseline levels in both groups, but titers in neutrophil depleted 12 animals were significantly higher than controls (p<0.05). In contrast, C. caviae-specific IgG 13 titers in serum were not affected by neutrophil depletion (Fig. 5B ). On day 6 post infection, IgG 14 titers in both groups rose above baseline (p<0.05), but there was no difference in titers between 15 control and neutrophil depleted animals. These data indicate that neutrophils may have a role in 16 down-regulating chlamydial-specific IgA production during ocular C. caviae infection.
infection to evaluate cytokine/chemokine profiles, because this time point represents an 1 intersection between innate and adaptive immune responses. As shown in Figure 6A , transcripts 2 of IL-5 and TGF-β1 were significantly higher in neutrophil depleted animals (p<0.05 and 3 p<0.02, respectively). Since both of these cytokines are essential for IgA production [TGF-β for 4
IgA isotype switching (45) and IL-5 for IgA production (44)], their increased expression 5 corroborated the increased chlamydia-specific IgA titers in neutrophil depleted animals. 6
Two chemokines associated with T cell recruitment were altered in neutrophil depleted 7 animals (Fig. 6B) . Expression of T cell recruiting chemokine CCL5 (RANTES) was significantly 8 lower (p<0.05), while CCL7 (MCP-3), a CCL5 antagonist (7), was significantly higher (p<0.02) 9 in neutrophil depleted animals. Neither MCP-1 (a macrophage recruiting chemokine) nor IL-8 (a 10 neutrophil recruiting chemokine) was affected by neutrophil depletion at this time point, day 7 11 post infection. Additionally, no significant differences were observed in proinflammatory 12 cytokines TNF-α and IL-1β; activation marker MHC II, and neutrophil growth factor GM-CSF 13 between neutrophil depleted and NRS control animals (data not shown). The reduction of T cell 14 recruiting chemokine CCL5 expression in neutrophil depleted animals corroborated the reduction 15 in T cell recruitment observed in infected tissues. Taken together, these data suggest that 16 neutrophils affect adaptive immunity directly or indirectly by regulating local 17 cytokine/chemokine levels. 18
The purpose of this study was to investigate the role of neutrophils in promoting 2 immunopathology and regulating adaptive immune responses during chlamydial ocular infection. 3
The results suggest that neutrophils are key contributors to host conjunctival tissue damage 4 during ocular C. caviae infection, but may not be essential for chlamydial clearance, at least on 5 days 3 and 6 post infection. Further, neutrophils may function beyond microbial killing and 6 clearance to help modulate the adaptive response by down-regulating humoral immunity and 7 promoting T cell recruitment. 8
The guinea pig model of C. caviae ocular infection/trachoma has been characterized in 9
terms of primary and chronic infection (2,24,26,27,30) and is an ideal model for our 10
experiments. An experimentally induced primary ocular chlamydial infection produces an acute 11 inflammatory conjunctivitis that clinically resolves in 12-15 days with clearing of chlamydiae in 12 3-4 weeks, depending on the infectious dose (24). There are few neutrophils present in normal, 13 uninfected guinea pig conjunctivae, but neutrophil infiltration begins rapidly after C. caviae 14
infection -within hours (24). Resolution of conjunctival infection requires both a cell-mediated 15 Th1 response (R.G. Rank and H.M. Lacy, unpublished data) and humoral immunity (25). 16
It is accepted dogma that neutrophils play a critical role in bacterial clearance via their 17 phagocytic capabilities. In our study, however, neutrophil depletion did not alter bacterial burden 18 
CD8
+ and CD4 + T cell recruitment to infected conjunctivae was significantly decreased. In 16 addition, chlamydia-specific IgA in tears and serum was significantly increased. An increase in 17
IgA as early as day 3 was somewhat surprising, but it must be taken into account that 18 conjunctivae contain abundant areas of mucosal associated lymphoid tissue (generically called 19
MALT, but specifically for conjunctiva called CALT). Any immunogenic stimulus deposited in 20 the conjunctiva would be immediately accessible to an immune inductive site to elicit a rapid 21 local antibody response. Moreover, conjunctival chemokine and cytokine data substantiates both 22 of these adaptive immune changes. Expression of T cell-recruiting CCL5 (RANTES) was 23 significantly decreased and CCL7, an antagonist to T cell recruitment (7) was increased, while 1 cytokines IL-5 and TGF-β, both required for IgA production, were significantly increased. A 2 study of neutrophil depletion in the pregnant mouse model of C. abortus infection showed 3 similar results, wherein neutrophil depletion resulted in significantly reduced numbers of CD4 + 4 and CD8 + T cells at infectious foci in the liver (28). In summary, our data suggests that 5 neutrophils help modulate adaptive immunity by promoting T cell recruitment and down-6 regulating chlamydia-specific IgA antibody production. Mechanisms by which neutrophils may 7 modulate the adaptive response most likely involve cytokine and chemokines released by 8 neutrophils during infections. Neutrophils produce multiple cytokines and chemokines, some of 9 which directly recruit T cells, such as MIP-1α, MIP-1β (42), MIP-3α, and MIP-3β (43). 10 Neutrophils are also an important source of IL-12, the cytokine that instructs dendritic cells to 11 orchestrate cell-mediated immunity (8,9,46). 12
We show evidence that neutrophils may down-regulate IgA humoral responses in ocular 13 chlamydial infections; most likely by down-regulating TGF-β and IL-5, since both are increased 14 when neutrophils are depleted and both are required for IgA production (10,44,45). The 15 mechanism(s) by which neutrophils down-regulate these two cytokines is obscure. However, 16 TGF-β is likely to play an important role since it has multiple functions during an immune 17 response; which include down-regulation of inflammation and promotion of IgA production (21). 18
In conclusion, evidence presented in this study suggests greater complexity in neutrophil 19 response to chlamydial ocular infections than previously understood. Neutrophils may be 20
shaping anti-chlamydial adaptive responses at the same time that they are promoting host tissue 21 damage; and yet not be essential in directly killing chlamydiae. 
